Abstract-This investigation presents a synthesis solution for stabilizing switching laws a class of parameter-varying plants represented via linear LPV systems that has all unstable subsystems. Considered class of LPV systems has state matrices as parametrically affine with parameter varying in a convex set for which all the subsystems are unstable. Stabilization design of switching laws is solved that enforce overall state trajectory that is asymptotically convergent to the equilibrium state. Via the parameterdependent multiple Lyapunov function approach, a set of linear matrix inequalities guaranteeing the existence of parameter-dependent Lyapunov functions is derived. An illustrative example and the respective simulation results are given that demonstrate the effectiveness of this new synthesis design for this class of LPV systems.
INTRODUCTION
The class of switched linear parameter-varying (LPV) systems comprises switched linear systems whose all subsystems are linear LPV systems. It should be noted, a considerable number of practical plant systems can be modeled as switched LPV systems, namely, such as missiles [1] , aircrafts [2, 3, 4] , air-flow path systems of diesel engines [5] , and wind turbines [6] . To date, however, not too many approaches and methods for the analysis and design of switched LPV systems have been developed [2, 7, 8] . For stabilization control synthesis of switched systems, in general, there have been employed various switching based techniques such as arbitrary [9, 10, 14, 15] , average dwell-time [8, 11, 14, 15] , and hysteresis based switching [12, 14, 15] .
In the literature, some of the few existing studies investigate the switched LPV systems where a switching signal is determined according to the varying parameter [1] [2] [3] [4] [5] [6] [7] [8] . That is, a solution is sought such that when parameters are in different parameter subsets a switching signal invokes different modes operation into [2, 3] . The multiple Lyapunov functions method applied to deal with the case of different modes in different parameter regions [2] . This particular method is also used to partition the parameter set so as a better H ∞ performance [7] to be achieved.
On the other hand, there are contributed results that focus on the switched LPV system in which the switching signal is independent of parameters but it is designed so as to achieve the desired stable performance [8, 9] . In these contributions both the model reduction problem [8] and also the H ∞ control problem [9] of the investigated class of switched LPV systems have been solved.
It should be noted, however, in the existing contributions to the study of switched LPV systems all the subsystems are required to be stable. Apparently, for one this does not exploit at all the potential of state trajectory synthesis by switching law design, and for tow per-se it is a considerable restrictive requirement. These authors are not aware of results for switched LPV system with unstable subsystems in the literature. To the best of our awareness, to date, it does not seem the switched LPV systems all subsystems of which are unstable to have been investigated, and this is the main motivation for research endeavor presented in this paper.
Thus, in this paper, a study of the class of switched LPV systems with all unstable subsystems and the synthesis design for the stabilizing switching signal is developed. The control synthesis aims to stabilize switched LPV systems having all unstable subsystems through designing the appropriate switching laws only. According to the concept of parameter-dependent Lyapunov function in [13] , the methodological approaches via the multiple Lyapunov functions methods are employed in order to derive a synthesis design for the stabilizing switching laws sought. It should be noted, however, this is an alternative multiple Lyapunov functions approach because LMI conditions are established for the existence of multiple parameterdependent Lyapunov functions which guarantee the asymptotic stability of the investigated class of switched LPV systems. Departing and deriving from the idea in [13] , Lyapunov functions in the present method are allowed to be discontinuous and increasing at switching points. Thus this multiple Lyapunov functions method is more general than the existing ones in single parameterdependent Lyapunov functions method in [2, 7, 13] and in the multiple Lyapunov functions method for switched non-LPV systems, e.g. see [9, 12, 15] . This paper proposes a new design to the appropriate switching laws to stabilize a switched LPV system with all unstable subsystems via the multiple parameter-dependent Lyapunov functions method.
The remainder of this paper is further organized as follows. Section II presents the needed preliminaries. In the Section III the main results are derived. The design solution and simulation results for and illustrative example, corresponding to the proposed solving method, are given in Section IV. Section V presents the concluding remarks and it is followed by the references used.
II. PRELIMINARIES Consider a class of switched LPV systems that is represented by , ,
For the above switched LPV system (1), in this paper there established stability conditions and the design of appropriate switching laws under which the class of LPV systems (1) is made asymptotically stable.
The switching signal σ may well be characterized by a switching sequence of the type:
Here, 0 t is the initial time instant while 0 x and 0 ρ are the initial vectors of system's states and parameters, and is the set of nonnegative integers. Therefore when
In addition, a few important points on the notation used in this paper are presented next. These are as follows:
stands for the set of real numbers;
n n × ℜ denotes the set of real-valued symmetric n n 
III. STABILITY ANALYSIS AND SWITCHING LAW DESIGN
In this subsection, the multiple Lyapunov functions method is applied to solve the investigated problem. An LMI condition for the existence of multiple parameterdependent Lyapunov functions for the switched LPV system (1) is presented in the sequel. The respective theorem is presented first and proved subsequently. 
hold at all the vertices of set P , then the system's state space can be partitioned into the following N subsets ( ) 
,
hence the switching law can be defined as (11)- (15) with T n ρ and n ρ , respectively, the following linear matrix inequalities can be obtained after certain re-arrangements:
1,
These linear matrix inequalities (11)- (13), which also involve the parameter
known convex region, can guarantee the asymptotic stability of the considered switched LPV systems (1) as shown in the sequel. Following the study [10] by Zhao and Hill (2008) , the conditions (6) and (7) (1) is guaranteed in all the relevant subsets of the system's state corresponding to its switched subsystems. It is therefore that the class of switched LPV systems (1) is asymptotically stable under the switching law (10) . Thus the proof is completed. □
Remark 1:
In comparison with Remark 3.21 in [9] , Theorem 1 is an extension of the multiple Lyapunov functions method that was developed for the switched non-LPV systems to the class of switched LPV systems. In [9] , Remark 3.21 presents the result for switched system with no varying parameter, while in here Theorem 1 states the result for switched LPV system via employing multiple parameter-dependent Lyapunov function method.
Remark 2:
Here in Theorem 1, the multiple Lyapunov functions may not necessarily be continuous and even allowed to be increasing at switching points. It should be noted, this feature reduces considerably the conservatism of this method as given in [14] . If the system state matrices are all constant and the term ( , ) 0 ij W x ρ ≡ , then present Theorem 1 reduces to the result in [12] on using multiple Lyapunov functions method for switched non-LPV systems.
IV. ILLUSTRATIVE EXAMPLE AND SIMULATION RESULTS
In this section, the application of the theory behind Theorem 1 to an illustrative example of the class of switched LPV systems (1) with unstable subsystems (see Figure 2) is explored. In turn, the respective linear matrix inequalities (LMIs) are solved and the switching law is designed. That is, the Theorem 1 has applied first and then the respective computer simulations have been carried out and simulation results produced. The designed switching law ensures the system state responses converge asymptotically to the steady-state equilibrium.
For sake of comparison with the results in the mentioned few references on switched LPV system a switched LPV system of class (1) having two subsystems is investigated. This system is described by means of state matrices
and varying parameter vector ρ ∈ that this parameter may acquire via its harmonic variation, which is depicted in Figure 1 . The kind of instability performance of the subsystems is depicted in Figure 2 below. (4) 
Thus, with the initial state vector assumed
− and the varying parameter ρ as in Figure 1 , the obtained state responses of the switched LPV system (1) under the switching law (10) are given in Figure 3 . The respective switching signal, which enforces the asymptotically stable states (Figure 3 ), is depicted in Figure 4 . Furthermore, Figure 5 shows the parameter-dependent (hence varying) Lyapunov functions when the switching law (10) is applied. In addition, in Figure 6 , there is depicted the magnified time histories during the initial segment of time in order to illustrate the impact effect of terms reduces to that in [14] and the switching law becomes a "min-switching" strategy. Fig. 4 The switching signal according to law (10) The conservatism of the here presented novel results in Theorem 1 was also investigated for this example via solving the LMIs (3)- (7) while choosing different bounds on the varying parameter ρ and its rate ρ . The solution results for these investigations are listed in Table I , given further below. ρ − < ≤ , the LMIs become infeasible to solve even when 9 9 ρ − ≤ ≤ is the range of the parameter rate's limits. This feature is believed to indicate an exiting albeit unknown system structural aspect of the investigated class of LPV systems (1), which is worth exploring further.
V. CONCLUDING REMARKS For a class (1) of switched LPV system possessing only unstable subsystems the existence conditions for multiple parameter-dependent Lyapunov functions are found and the switching laws are designed that stabilize the system. For the varying parameter(s) and their derivatives in a convex set P , Theorem 1 has been applied to the illustrative example of the class (1) and the respective stabilizing switching law was solved. Derived via the multiple Lyapunov functions method, this Theorem 1 enables to find parameter-dependent multiple Lyapunov functions by means of solving the derived LMIs that define the existence conditions. This theorem is a constructive one since it does give the solutions for the switching laws sought.
The here employed Lyapunov functions, apart of being parameter-dependent, are not necessarily continuous everywhere. Thus these are more general than those in the existing results, where Lyapunov functions are continuous at the switching instants. An investigation for possible conservatism of the derived results has also been carried out, which has shown the bounds on varying parameters influence the solvability more than the bounds on their rates. This is an interesting feature indicating that the results in this paper are less conservative than the similar ones in the literature.
Finally, it should be noted nonetheless, the open issue for future research is to establish some approach and means on how to find the allowable convex region for the varying parameter(s) in an axiomatic way. ACKNOWLEDGEMENT Authors would like to thank the anonymous reviewers for their useful suggestions in conjunction to this new theoretic investigation and its results.
